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We discuss a new description for the Roper resonance, the first nucleon excited
state of JP = 1/2+, in a model of strong diquark correlations. Treating the scalar-
isoscalar and axial-vector–isovector diquarks as independent degrees of freedom,
two states having nucleon quantum numbers are constructed. Due to the scalar
and axial-vector nature of the diquarks, the two nucleon states have different in-
ternal structure of spin and isospin. This yields the mass splitting of order several
hundreds MeV, and hence the two states are identified with the nucleon and Roper.
We demonstrate this scenario in a simple two channel problem.
1 Introduction
The first excited states of baryons having the same spin and parity as the
ground states, JP = 1/2+, are known experimentally in various uds flavor
sectors. In particular the nucleon resonanceN(1440) which is called the Roper
resonance has been investigated extensively. In the naive quark model of
harmonic oscillator potential, it is assigned as the nodal excitation of 2h¯ω,
whose excitation energy is twice as large as that of the l = 1 negative parity
state of 1h¯ω 1,2. In experiments, however, these two states of 1/2± are almost
degenerate, or more precisely, the Roper appears slightly lower than the 1/2−
state. This feature is not only in the nucleon channel but also in almost all
light flavor channels 3.
Because of its low mass, the Roper resonance has been considered as a
collective excitation of the nucleon. Majority of such description resorted to
the monopole excitation of the ground state 4,5,6,7,8,9,10. Another interesting
collective picture was proposed by one of us and others, where the baryon
resonances were described as collective rotational states of a deformed intrinsic
1
state 3. This scheme may explain masses of not only the Roper but also almost
all baryon resonances with a few parameters.
Yet another interesting idea was proposed by Weinberg 11 and later con-
sidered by Beane and collaborators 12,13, where the Roper was regarded as
a chiral partner together with the nucleon and delta resonance. Such a view
is interesting since their properties are directly related to chiral symmetry of
QCD with its spontaneous breaking. The model we consider here has some rel-
evance to this approach, although its precise relation is not yet fully explored.
However, the use of explicit diquark structure of two quarks is convenient
when discussing chiral symmetry transformation properties of baryons 14.
With the above considerations, we study the nucleon and Roper resonance
in a quark-diquark model with scalar and axial-vector diquarks treated explic-
itly. Our model set up is simple in which the nucleons are regarded as bound
states of a quark and a diquark through a contact interaction with suitable
regularization. The bound state problem is then treated in a path integral
formalism. The gap equations for the nucleon states are then obtained, which
are equivalent to the non-relativistic Schro¨dinger equations. We consider a
coupled channel problem for the two states of the scalar diquark and axial-
vector diquark nucleons. Then their linear combinations are regarded as the
physical nucleon and Roper after the diagonalization of the Hamiltonian. We
discuss the masses and possible spatial structure of the nucleon and Roper
resonance.
2 Model
2.1 Diquarks
The basic assumption is the diquark correlation in the nucleon. The relevance
of diquarks in recent hadron spectroscopy has been discussed by Jaffe 15,16.
Due to its maximal attractive interaction as shown in Table 1, the scalar
diquark is expected to play major role for nucleon structure. In practice, an-
other axial-vector diquark is also important. If the two diquarks are regarded
as independent degrees of freedom in a three-quark baryon system, the two
nucleon states can emerge as independent states having the ground state spa-
tial configuration. Such a possibility is not allowed in the SU(6) quark model,
where one of the two states is forbidden due to the Pauli principle.
In the quark model language, the scalar and axial-vector diquarks have
spin-isospin structures as
DS ∼ 1√
2
(↑↓ − ↓↑) 1√
2
(ud− du) ,
2
Table 1. Matrix elements of color-spin VCS and spin-flavor VSF interaction in various di-
quark channels. The interactions are VCS,SF ∼ −
∑
ij
λa(i)
2
λa(j)
2
~σ(i)
2
·
~σ(j)
2
, where the λ
matrices are for either color or flavor space.
qq(C, S, F ) (3¯C , 0S , 3¯F ) (3¯C , 1S, 6¯F ) (6¯C , 0S, 6¯F ) (6¯C , 1S , 3¯F )
DS DA
VCS −1/2 1/6 1/4 −1/12
VSF −1/2 −1/12 1/4 1/6
DA ∼ 1√
2
(↑↓ + ↓↑) 1√
2
(ud+ du) , (1)
where arrows express spin up and down states and u, d the flavor u, d quarks.
The two diquarks are combined with another quark to make two basis states
for the nucleon and Roper:
NS = DSq NA = DAq , (2)
where in NA, the proper combination should be made for spin and isospin to
take J = I = 1/2. In the SU(6) quark model, only the sum of equal weight is
allowed for the nucleon:
NQM =
1√
2
(NS +NA) . (3)
If the two diquarks are active degrees of freedom, then we will have in ad-
dition to the two nucleon states of NS and NA, the delta ∆(1232) as described
by the combination of the axial-diquark and a quark. Therefore, we would
be lead to the idea that the three states (NA, NA and ∆) may be described
on the same footing as a family of quark-diquark states. This reminds us of
the chiral model for the these particles 11,12,13. At present, the relation of
the two descriptions is not clear, but it would be interesting to investigate the
properties of the quark-diquark baryons with chiral symmetry.
2.2 Lagrangian
Having the quark and diquark fields, we write down an SU(2)L× SU(2)R
chiral quark-diquark model 17,18,19,
L = χ¯c(i/∂ −mq)χc +D†c(∂2 +M2S)Dc
+ ~D† µc
[
(∂2 +M2A)gµν − ∂µ∂ν
]
~Dνc + Lint, (4)
where χc, Dc and ~Dµc are the constituent quark, scalar diquark and axial-
vector diquark fields with color index c, andmq,MS andMA are their masses.
3
The axial-vector diquark carries the Dirac and isospin indices, since it is a spin
one isovector particle. In Eq. (4), the quark χ is the constituent quark of non-
linear representation. Therefore, chiral symmetry is preserved in the presence
of the constituent quark mass mq.
The interaction term Lint includes the diagonal and non-diagonal (mix-
ing) parts as given by
Lint = GSχ¯cD†cDc′χc′ +GAχ¯cγµγ5~τ · ~D†µc~τ · ~Dνc′γνγ5χc′
+ v(χ¯cD
†
cγ
µγ5~τ · ~Dµc′χc′ + χ¯cγµγ5~τ · ~D†µcDc′χc′) , (5)
where GS and GA are the coupling constants for the quark and scalar diquark,
and for the quark and axial-vector diquark, respectively. The coupling con-
stant v causes the mixing between the scalar and axial-vector channels (see
Figure 1).
GS
DS DS
q q
GA
DA DA
q q
v
DS DA
q q
Figure 1. Quark-diquark interactions in various channels.
2.3 Hadronization
Introducing the auxiliary fields for baryons, we can rewrite the Lagrangian as
(omit the color indices for brevity)
L = χ¯(i/∂ −mq)χ + D†(∂2 +M2S)D
+ ~D† µ
[
(∂2 +M2A)gµν − ∂µ∂ν
]
~Dν + ψ¯Gˆψ − B¯Gˆ−1B , (6)
where B = (B1, B2)
T is a two component auxiliary baryon field, whose
components correspond to scalar and axial-vector channels; B1 ∼ Dχ and
B2 ∼ ~τ · ~Dµγµγ5χ. In Eq. (6) we have introduced matrix notations of 2 × 2
as
ψ =
(
Dχ
~Dµ · ~τγµγ5χ
)
, ψ¯ =
(
χ¯D†, χ¯ ~D†µ · ~τγµγ5
)
, (7)
Gˆ =
(
GS v
v GA
)
. (8)
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In the hadronization procedure17,20,21, the quark and diquark fields are
eliminated and an effective meson-baryon Lagrangian is obtained in the tr log
form as
L = −B¯Gˆ−1B + iTr ln(1 −A). (9)
Here the matrix A is defined by
A =
(
a11 a12
a21 a22
)
, (10)
a11 = ∆
T B¯1SB1, (11)
a12 = ∆
T B¯2τ
iγνγ5SB1, (12)
a21 = (∆
lj
ρν)
T B¯1Sγ
µγ5τ jB2, (13)
a22 = (∆
lj
ρν)
T B¯2γ
νγ5τ iSγµγ5τ jB2. (14)
where S, ∆ and ∆µν are the propagators of the quark, scalar diquark and
axial-vector diquark, respectively.
Expanding the tr log formula in powers of meson and baryon fields, we
obtain the self-energies of the nucleons as
L = B¯
(
ΣS(p) 0
0 ΣA(p)
)
B − 1|Gˆ| B¯
(
GA −v
−v GS
)
B, (15)
where |Gˆ| = detGˆ = GSGA − v2. The loop integrals of the self-energies are
given by
ΣS(p) = −iNc
∫
d4k
(2π)4
1
k2 −M2S
/p− /k +mq
(p− k)2 −m2q
, (16)
ΣA(p) = −iNc
∫
d4k
(2π)4
kµkν/M2A − gµν
k2 −M2A
× δijγνγ5τj /p− /k +mq
(p− k)2 −m2q
τiγµγ5. (17)
Here Nc is the number of colors. In our computation, the divergent integrals
of (17) are regularized by the three momentum cutoff scheme19.
2.4 Diagonalization
We consider nucleon properties in the center of mass system of the nucleon.
The self-energies ΣS and ΣA are then expanded in powers of the four momen-
tum in the rest frame pµ = (p0, ~0),
ΣS(p0)− 1|Gˆ|GA = Z
−1
S (p0γ
0 − aS), (18)
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ΣA(p0)− 1|Gˆ|GS = Z
−1
A (p0γ
0 − aA) . (19)
The bare baryon fields B1,2 are then renormalized as(
B1
B2
)
=
(√
ZSB
′
1√
ZAB
′
2
)
, (20)
with which the Lagrangian (15) can be written as
L = B¯′(p0γ0 − Mˆ)B′ , (21)
where the mass matrix Mˆ is given by
Mˆ =
(
aS −
√
ZSZA
v
|Gˆ|
−√ZSZA v|Gˆ| aA
)
. (22)
Now the mass matrix can be diagonalized through a unitary transforma-
tion:
B′ = U †N , UMˆU † =
(
M1 0
0 M2
)
. (23)
One finds
L = N¯1(p0γ0 −M1)N1 + N¯2(p0γ0 −M2)N2, (24)
where the physical eigenvalues M1,2 and eigenvectors N = (N1, N2)
T are
obtained as
M1,2 =
1
2

aS + aA ±
√√√√(aS − aA)2 + 4ZSZA
(
v
|Gˆ|
)2 , (25)
N1 = cosφB
′
1 + sinφB
′
2 , N2 = − sinφB′1 + cosφB′2 , (26)
and the mixing angle φ is given by
tan 2φ =
2
√
ZSZAv
(aA − aS)|Gˆ|
(27)
Eq. (25) should be read as a self-consistent equation where the quantities on
the right hand side are functions of M1,2. The equations are then equivalent
to the Schrodinger equation for the quark-diquark system interacting through
the delta function type interaction with suitable cutoff.
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3 Results and discussions
First let us fix model parameters. The constituent masses of ud quarks mq
and the three momentum cutoff Λ are fixed in such a way that they reproduce
meson properties in the NJL model22,23. The masses of the diquarks may be
calculated in the NJL model 22,24, but here we treat them as parameters. In
this way we employmq=390 MeV, Λ=600 MeV,MS=650 MeV andMA=1050
MeV. The mass difference MA −MS may be related to that of the nucleon
and delta. In the quark-diquark model, the delta is described as a bound state
of an axial-vector diquark and a quark, while the nucleon is expected to be
dominated by the scalar diquark component. Hence, we expect that the N∆
mass difference is roughly given by the mass difference of the axial and scalar
diquarks. This qualitatively justifies the mass difference MA − MS ∼ 400
MeV that we adopt.
The masses of the two nucleon states may be studied as functions of the
coupling constants, GS , GA and v. For instance, we can fix the diagonal
strengths GS , GA, and vary the off-diagonal strength v to see the effect of the
mixing. In this procedure, however, the binding energy of the quark-diquark
system also changes which significantly affects the sizes of the nucleon and
Roper. For some coupling constants, the nucleon becomes unphysically too
large. In order to overcome this difficulty, we fix the quark-diquark binding
energies to be always 50 MeV for both scalar and axial-vector diquark nucleons
as v is varied. This can be realized by choosing GS and GA appropriately,
and the resulting bound states produces nucleon size reasonably 17,18. The
results for the masses of the nucleon and Roper are shown in Figure 2. We
find that M1 = 0.94 GeV, M2=1.44 GeV and φ =18 degree at v ∼ 22 GeV−1.
Due to the fixed binding energy, we find that the plot looks very much the
same as the one familiar in a two level problem of the quantum mechanics.
The present identification of the Roper resonance is very much different
from the conventional picture; in the quark model, it is described as an excited
state of 2h¯ω with (n, l) = (1, 0), where (n, l) are the principle and angular
momentum quantum numbers of the harmonic oscillator wave function. The
excitation energy of such a state is as high as 2h¯ω ∼ 1 GeV for the oscillator
parameter ω ∼ 0.5 GeV, and many mechanisms have been proposed to lower
the energy 25. In the present picture the two nucleons are described as quark-
diquark bound states, but with different diquarks of scalar and axial-vector
ones.
In the quark model, these diquarks correspond to the ρ and λ type two-
quark states, which in the limit of SU(6) spin-flavor symmetry can not be
independent degrees of freedom due to the Pauli principle when constructing
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Figure 2. The masses M1,2 as functions of the mixing strength v (left) and the mixing
angle φ (right). The coupling constants GS and GA are determined such that the binding
energies of the quark-diquark system takes 50 MeV.
the nucleon state of JP = 1/2+. In the present case, if the strong correla-
tion between the quarks is at work, the two quark states violate the SU(6)
symmetry, and they can be independent. In the harmonic oscillator basis, the
two quarks of the diquarks are in the ground state but with being correlated.
The energy difference is therefore supplied not by the difference in the single
particle energies of nodal excitation, but rather by the residual correlation
between the quarks. This is the mechanism that makes the mass of the Roper
significantly lower than the conventional radial exitation.
It is also interesting to look at the spatial structure of the nucleon and
Roper when they are given as superpositions of the two diquark components
(26). Intrinsically, the scalar diquark is a tightly bound state of two quarks
while the axial-vector looser. Therefore, the wave function of the scalar di-
quark nucleon B′1 is more compact than the axial-vector diquark nucleon B
′
2.
If the wave functions of B′1 and B
′
2 are coherently added with a constructive
phase for the nucleon (N1), then for the Roper (N2) they are added destruc-
tively. Hence, we expect qualitatively different structure in the wave function
for the nucleon and Roper as shown in Figure 3. It is interesting that the
wave function of the Roper has a nodal structure as a consequence of the two
components of B′1 and B
′
2 just as in the nodal excitation in the naive quark
model.
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N2(r)
ψ(r) ψ(r)
r
r
Figure 3. A qualitative sketch for quark distributions for the nucleon and Roper.
4 Summary
In this report, we have discussed the nucleon and Roper resonance in the chiral
quark-diquark model. It was shown that the two states appear as the ground
state in orbital configuration but with different spin and isospin structure.
In the SU(6) quark model, one of these states is forbidden due to the Pauli
exclusion principle, which, however, can survive as an independent degree due
to diquark correlations.
In a sample calculation, we have reproduced the masses of the nucleon
and Roper by employing suitable parameters. This encourages us to further
investigate this picture for the nucleon and Roper. As a straightforward ap-
plication, the present model should be tested for electromagnetic properties
of the nucleon and the Roper. For the nucleon, we expect that the inclusion
of the axial-vector diquark improves the small magnetic moments and the
axial-vector coupling constants when only scalar diquark is considered.
The description of the nucleon and Roper as the ground state with dif-
ferent spin-isospin structure reminds us the Weinberg’s idea that they are
regarded as chiral partners which belong to the same chiral multiplet. In this
way we may be able to explain the masses and the coupling relations among
the nucleons and the Roper. Relation with the chiral symmetry is particu-
larly interesting and will be studied when written the diquark fields explicitly
by the quark fields. Some consequences of such descriptions will be reported
elsewhere 14.
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